Highly branched -glucan molecules exhibit low digestibility for -amylase and glucoamylase, and abundant in -(1!3)-, -(1!6)-glucosidic linkages and -(1!6)-linked branch points where another glucosyl chain is initiated through an -(1!3)-linkage. From a culture supernatant of Paenibacillus sp. PP710, we purified -glucosidase (AGL) and -amylase (AMY), which were involved in the production of highly branched -glucan from maltodextrin. AGL catalyzed the transglucosylation reaction of a glucosyl residue to a nonreducing-end glucosyl residue by -1,6-, -1,4-, and -1,3-linkages. AMY catalyzed the hydrolysis of the -1,4-linkage and the intermolecular or intramolecular transfer of maltooligosaccharide like cyclodextrin glucanotransferase (CGTase). It also catalyzed the transfer of an -1,4-glucosyl chain to a C3-or C4-hydroxyl group in the -1,4-or -1,6-linked nonreducing-end residue or the -1,6-linked residue located in the other chains. Hence AMY was regarded as a novel enzyme. We think that the mechanism of formation of highly branched -glucan from maltodextrin is as follows: -1,6-and -1,3-linked residues are generated by the transglucosylation of AGL at the nonreducing ends of glucosyl chains. Then AMY catalyzes the transfer of -1,4-chains to C3-or C4-hydroxyl groups in the -1,4-or -1,6-linked residues generated by AGL. Thus the concerted reactions of both AGL and AMY are necessary to produce the highly branched -glucan from maltodextrin.
Highly branched -glucan molecules exhibit low digestibility for -amylase and glucoamylase, and abundant in -(1!3)-, -(1!6)-glucosidic linkages and -(1!6)-linked branch points where another glucosyl chain is initiated through an -(1!3)-linkage. From a culture supernatant of Paenibacillus sp. PP710, we purified -glucosidase (AGL) and -amylase (AMY), which were involved in the production of highly branched -glucan from maltodextrin. AGL catalyzed the transglucosylation reaction of a glucosyl residue to a nonreducing-end glucosyl residue by -1,6-, -1,4-, and -1,3-linkages. AMY catalyzed the hydrolysis of the -1,4-linkage and the intermolecular or intramolecular transfer of maltooligosaccharide like cyclodextrin glucanotransferase (CGTase). It also catalyzed the transfer of an -1,4-glucosyl chain to a C3-or C4-hydroxyl group in the -1,4-or -1,6-linked nonreducing-end residue or the -1,6-linked residue located in the other chains. Hence AMY was regarded as a novel enzyme. We think that the mechanism of formation of highly branched -glucan from maltodextrin is as follows: -1,6-and -1,3-linked residues are generated by the transglucosylation of AGL at the nonreducing ends of glucosyl chains. Then AMY catalyzes the transfer of -1,4-chains to C3-or C4-hydroxyl groups in the -1,4-or -1,6-linked residues generated by AGL. Thus the concerted reactions of both AGL and AMY are necessary to produce the highly branched -glucan from maltodextrin.
Key words: highly branched -glucan; -1,6-linkage; -1,3-linkage; -glucosidase; -amylase Some exceptional dextrins that have abundant -(1!2)-, -(1!3)-, and -(1!6)-glucosidic linkages have been identified as indigestible or low-digestible -glucans due to resistance to hydrolysis by -amylase and glucoamylase. 1) These have been developed for use in prebiotics, foods or nutrients defined as indigestible or low-digestible food ingredients that benefit host organisms by selectively stimulating the growth or activity of a limited number of prebiotic bacteria in the intestines. 2) An indigestible -glucan is known to exist in indigestible fractions of chemically and enzymatically processed starch hydrolyzates 3) but few studies using only enzymatic processing have examined the production of indigestible or low-digestible dextrins from starch, despite the wide use of these dextrins in food. 4) We have reported on the putative main structure of a novel highly branched -glucan ( Fig. 1) produced by a crude enzyme from Paenibacillus sp. PP710. 5) This model consists of four nonreducing-end glucosyl residues (Glc), one 1,3-linked -Glc, four 1,4-linked -Glc, one 4-linked -Glc (reducing-end), 12 1,6-linked -Glc, two 1,3,6-linked -Glc, and one 1,4,6-linked -Glc. Compared with maltodextrin, this -glucan has lower weight-average molecular weight (M w ) and numberaverage molecular weight (M n ). A value of M w /M n shows that the molecular weight distribution is limited to a narrow range. Thus a crude enzyme from Paenibacillus sp. PP710 is thought to have transglucosylation and hydrolysis activity, as of -glucosidase activity and/or -amylase activity.
Alpha-glucosidase (-D-glucoside glucohydrolase) [EC 3.2.1.20] is a well-known exo-carbohydrolase that liberates -glucose from the nonreducing ends of substrates such as maltose, isomaltose, and phenyl -glucoside.
6,7) Some -glucosidases from moulds have been found to transfer glucosyl residues from substrates onto acceptors and to produce -1,6-and -1,3-linked oligosaccharides from maltooligosaccharides 8, 9) but the profiles of the reaction products depend on the enzymes. For instance, an -glucosidase from Aspergillus niger yields glucosyl -1,6-linked saccharides, such as isomaltose, isomaltotriose, and panose [-D-glucopyranosyl-(1!6)--D-glucopyranosyl-(1!4)-D-glucopyranosyl], when glucose or maltose is acceptor. 10) Acremonium sp. -glucosidase catalyzes mostly -1,3-and -1,4-transglucosylations to form nigerose, nigerosyl glucose, and nigerosyl maltose.
11) Alpha-glucosidase from Paecilomyces lilacinus synthesizes 1,2--and 1,3--linked oligosaccharides by transglucosylation. 12) In bacterial -glucosidases, a small number of enzymes have been found to catalyze transglucosylation reactions 13, 14) that are utilized in biotechnology to produce food oligosaccharides 15, 16) or to conjugate sugars with biologically useful materials but these enzyme properties cannot explain the formation of the highly branched -glucan.
The -amylase family is a well-established family of enzymes catalyzing the hydrolysis of -1,4-and -1,6-glucosidic linkages and transglycosylation to form -1,4-and -1,6-glucosidic linkages.
17) It includes extensively studied enzymes such as -amylase [EC 3.2. [18] [19] [20] [21] The other member of the -amylase family, cyclomaltodextrinase (CDase) [EC 3.2.1.54], catalyzes transglycosylation by forming -1,6-glucosidic linkages, and produces branched oligosaccharides, including isomaltose, panose, isopanose, branched maltotetraose, and branched maltopentaose. 22, 23) However, since these enzymes do not produce highly branched -glucan, other enzymes might act concomitantly. Hence it is of particular interest to clarify the enzyme reactions involved in producing highly branched -glucan from maltodextrin.
Here we report the purification and characterization of two enzymes involved in the formation of highly branched -glucan. We also describe the mechanisms of synthesis of highly branched -glucan.
Materials and Methods
Saccharides and enzymes. Maltodextrin (Pinedex #100; dextrose equivalent, DE 3) was purchased from Matsutani Chemical Industry (Itami, Japan). Maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose, maltoheptaose, isomaltose, isomaltotriose, amylose EX-1 (degree of polymerization, DP 17), and pullulan were prepared in our laboratory. The other saccharides used were of analytical or commercial grade. Amyloglucosidase (A9913) and heat-stable -amylase (A3306) were purchased from Sigma Chemical (St. Louis, MO). Transglucosidase L (Amano Enzyme, Nagoya, Japan) was used as Aspergillus niger -glucosidase without further purification. CGTase from Bacillus circulans was prepared in our laboratory. 24) Isomaltodextranase [EC 3.2.1.94] from Arthrobacter globiformis T6 was purified and assayed by the method of Okada et al.
25)
Assays for enzyme activity. Alpha-glucosidase from Paenibacillus sp. PP710 (AGL). A reaction mixture containing 0.5 mL of the enzyme solution and 5 mL of 1% (weight/volume) maltose in a buffer of 20 mM sodium acetate (pH 6.0) was incubated at 40 C for 30 min. The reaction, in a 0.5-mL aliquot of the mixture, was stopped by adding 5 mL of 20 mM sodium phosphate (pH 7.0) and heating in boiling water for 10 min. The amount of free glucose in the stopped solution was measured by the glucose oxidase method. 26) One unit of AGL was defined as the amount of enzyme that liberates 1 mmol of glucose per min under these conditions. Alpha-amylase from Paenibacillus sp. PP710 (AMY). A reaction mixture containing 0.2 mL of the enzyme solution and 2 mL of 0.8% (weight/volume) amylose EX-1 in a buffer of 50 mM sodium acetate (pH 6.0) and 1 mM CaCl 2 was incubated at 35 C for 30 min. The reaction, in a 0.2-mL aliquot of the mixture, was stopped by adding 8 mL 0.02 N H 2 SO 4 , and 0.2 mL of 50 mM potassium iodate solution, and then the absorbance was measured after holding at 25 C for 15 min. One unit of AMY activity was defined as 10 times the amount of the enzyme that decreased 10% of the absorbance of 10 mg/mL of short chain amylose at 660 nm per min under these conditions.
Other enzyme activity. Isomalto-dextranase activity 27) was assayed by measuring the amount of reducing sugars produced from dextran T2000 (Pharmacia) by the Somogyi-Nelson method. 28, 29) One unit of enzyme activity was defined as the amount of enzyme that catalyzed the liberation of reducing sugar equivalent to 1 mmol of isomaltose from the substrate per min.
CGTase activity was assayed by measuring the decrease in absorbance in a 0.02 N H 2 SO 4 solution containing the reaction mixture with soluble starch as substrate and potassium iodate at 660 nm before and after a given enzyme reaction. One unit of CGTase activity was defined as the amount of enzyme that decreased 10% of the absorbance of 3 mg/mL of soluble starch at 660 nm per min.
Enzyme purification. Paenibacillus sp. PP710 was isolated from soil by a screening method described previously. 5) It was cultured at 27 C with rotary shaking for 3 d in a medium composed of 1.5% Pinedex #4 (Matsutani), 0.5% polypepton (Nissui Seiyaku), 0.1% yeast extract S (pH 6.8). Bacterial cells were separated from the culture medium by centrifugation at 10;000 Â g for 20 min at 4 C. The supernatant was used for purification of the enzymes. Solid (NH 4 ) 2 SO 4 was added to 3,950 mL of the supernatant to 80% saturation with stirring at 4 C. The mixture was left overnight at 4 C, and then was centrifuged at 10;000 Â g for 30 min at 4 C. The precipitate was recovered, dissolved in 300 mL of 20 mM sodium acetate buffer (pH 4.5), and dialyzed against the same buffer. After centrifugation at 10;000 Â g for 30 min at 4 C, the supernatant was collected for use as crude enzyme. To purify AGL, the crude enzyme solution was put onto a CM Toyopearl 650S column (2:2 Â 20 cm; Tosoh, Tokyo) equilibrated with 20 mM sodium acetate buffer (pH 4.5). The proteins adsorbed on the column were eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 1.0 mL/min. The active fractions were in the same buffer at a flow rate of 0.5 mL/min. The active fractions were pooled and dialyzed against a buffer of 10 mM sodium acetate (pH 4.5). Next, the enzyme solution was loaded onto a CM-5PW (Tosoh) column (3.3 mL) equilibrated with the same buffer. The proteins adsorbed on the column were eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 0.5 mL/ min. The active fractions were pooled and dialyzed against a buffer of 20 mM sodium acetate (pH 6.0). The resulting enzyme solution was used in additional experimentation as a purified preparation.
To purify AMY, the (NH 4 ) 2 SO 4 precipitate, recovered after centrifugation as described above, was dissolved in 300 mL of 20 mM Tris-HCl buffer (pH 7.5) containing 1 mM CaCl 2 and dialyzed against the same buffer. The dialyzed solution was then loaded onto a DEAE Toyopearl 650S column (2:2 Â 20 cm; Tosoh) equilibrated with the same buffer. The enzyme adsorbed on the column was eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 1.0 mL/min. The active fractions were pooled, and the concentration of (NH 4 ) 2 SO 4 was brought to 1.5 M by adding solid (NH 4 ) 2 SO 4 . The enzyme solution was then loaded onto a Resource PHE (Pharmacia) column (0:64 Â 3 cm) equilibrated with 20 mM Tris-HCl buffer (pH 7.5) containing 1.5 M (NH 4 ) 2 SO 4 and 1 mM CaCl 2 . The adsorbed enzyme was eluted with a linear gradient of 1.5 to 0 M (NH 4 ) 2 SO 4 in the same buffer at a flow rate of 0.5 mL/min. The active fractions were pooled and dialyzed against a buffer of 50 mM Tris-HCl (pH 7.5) containing 0.2 M NaCl and 1 mM CaCl 2 . Then the enzyme solution was loaded onto a Superdex pg 16/59 (Pharmacia) column (118 mL) equilibrated with the same buffer. The proteins adsorbed on the column were eluted in the same buffer at a flow rate of 0.5 mL/min. The active fractions were pooled and dialyzed against a buffer of 50 mM Tris-HCl (pH 7.5) containing 1 mM CaCl 2 . The dialyzed enzyme solution was then put on a Resource Q column (0:64 Â 3 cm; Tosoh) equilibrated with the same buffer. The enzyme was not adsorbed on the column, and was eluted with a linear gradient of 0 to 0.5 M NaCl in the same buffer at a flow rate of 1.0 mL/min. The resulting enzyme solution was pooled, dialyzed against a buffer of 20 mM sodium acetate (pH 6.0), and was used in additional experimentation as a purified preparation.
Physical measurements. The protein concentration was determined by the method of Lowry et al. using bovine serum albumin as the standard protein.
30) The absorbance at 280 nm was used to monitor the proteins in the column eluates. Native polyacrylamide gel electrophoresis (PAGE) was performed by the method of Davis.
31) The molecular masses of the enzymes were estimated by sodium dodecyl sulfate (SDS)-PAGE performed on 5-20% gradient gels by the method of Laemmli.
32) The isoelectric point was determined by isoelectric focusing using precast Ampholine PAGplate and IEF standards (both from GE Healthcare Bio-Sciences). The proteins were stained with Coomassie Brilliant Blue R-250.
Methylation analysis. A 5-mg sample was methylated by the method of Ciucanu and Kerek, 33) and the products were isolated by partition between CHCl 3 and water. Thereafter, the methylated sample was hydrolyzed in acid, reduced with NaBH 4 , and acetylated as described by Hakomori. 34) The resulting partially methylated alditol acetates were separated with a gas-liquid chromatograph (GLC; GC-14B; Shimadzu, Kyoto, Japan) on a silica gel capillary column (DB-5; 0:25 mm Â 30 m; J&W Science, Folsom, CA), with a temperature program of 130 C for 2 min followed by increments of 5 C/min up to 250 C.
Sugar analysis. Total sugar was measured by the anthrone-sulfuric acid method, 35) and the reducing sugar was measured by the SomogyiNelson method. 28, 29) Thin-layer chromatography (TLC) was performed on a Kieselgel 60 plate (Merck, Darmstadt, Germany) with a solvent containing n-butanol, pyridine, and water (6:4:1). The separated sugars were detected by spraying 20% sulfuric acid in a methanol solution onto the plate and heating it at 110 C for 10 min. The trimethylsilyl derivatives of the sugar were analyzed using a GLC (Shimadzu GC-16A) in a stainless steel column of 2% silicone OV-17 on Chromosorb W (80-100 mesh; GL Sciences, Tokyo) at 160-320 C (7.5 C/min). High-performance liquid chromatography (HPLC) was carried out with an LC-10AD pump, an RID-10A differential refractive index monitor, and a C-R7A plus data processor (all from Shimadzu). The HPLC columns were (i) Shodex SUGAR KS-801 (300 Â 8 mm i.d.; Showa Denko, Tokyo); column temperature, 60 C; mobile phase, water; flow rate, 0.5 mL/min; (ii) YMC-Pack ODS AQ-303 (250 Â 4:6 mm i.d.; YMC); column temperature, 40 C; mobile phase, water; flow rate, 0.5 mL/min; and (iii) MCI GEL CK04SS (200 Â 10 mm i.d. with a series connection of 2; Mitsubishi Chemical); column temperature, 80 C; mobile phase, water; flow rate, 0.4 mL/ min.
Substrate specificity. A reaction mixture containing 0.05 mL of enzyme solution and 1 mL of 1% (weight/volume) substrate in 20 mM sodium acetate buffer (pH 6.0) was incubated at 40 C for 60 min. The reaction in a 0.5-mL aliquot of the mixture was stopped by heating it in boiling water for 10 min. After centrifugation, deionization, and filtration, the reaction mixtures were analyzed by HPLC with MCI GEL CK04SS columns with a series connection of 2.
Gel permeation chromatography (GPC).
To determine the molecular distribution of the sample, gel permeation chromatography was done using a TSK GEL -M column (7:8 mm i.d. Â 300 mm with a series connection of 2; Tosoh) in a 10 mM sodium phosphate buffer (pH 7.0) as solvent at a flow rate of 0.3 mL/min at 40 C, using an RID-10A refractive index monitor and a C-R7A data processor (Shimadzu). The molecular mass of the glucan was calculated from a calibration curve made using molecular standards of pullulan prepared in our laboratory.
Measurement of low-digestibility -glucan content. The digestibility of the low-digestibility -glucan was determined by measuring the indigestible content by a modification of AOAC Official Method 2001.03, 36) an assay for determining levels of water-soluble resistant dextrin. The sample was manipulated as previously described.
5)
Isomalto-dextranase digestion. To confirm the presence of an isomaltosyl moiety at the nonreducing end of the prepared glucan, isomalto-dextranase digestion was carried out. A 500-mL reaction mixture containing 20 mg of glucan sample and 500 mL of isomaltodextranase (2 units) in 50 mM sodium acetate buffer (pH 6.0) was incubated at 50 C for 16 h. The reaction was stopped by holding the mixture in boiling water for 10 min. The composition of isomaltose was determined by HPLC using Shodex SUGAR KS-801 and GLC. The composition of isomaltose was calculated as follows: (DP 2, HPLC composition) Â (isomaltose GLC area/DP 2 GLC area).
Results and Discussion
Detection of enzymes involved in the production of highly branched -glucan
In preliminary experiments for purification of the enzymes involved in the production of highly branched -glucan, we used column chromatography to purify enzymes from a crude enzyme preparation of Paenibacillus sp. PP710. An -glucosidase was adsorbed on CM-Toyopearl and eluted with a linear gradient of NaCl. On the basis of TLC analysis, this -glucosidase was assumed to produce glucose and transglucosylation products from maltose, and to produce small amounts of glucose and transglucosylation products from maltooligosaccharides. To determine whether this -glucosidase would produce highly branched -glucan from maltodextrin, we studied the changes in the molecular weights of the reaction products. The distribution of molecular weights of the products of maltodextrin by theglucosidase was shown by different patterns of highly branched -glucan (details provided below). In contrast, the fraction with -amylase activity toward reduction in the iodo-starch reaction was eluted in the void space during CM-Toyopearl column chromatography. When this -amylase-containing fraction was added to the eluted -glucosidase, the distribution of molecular weights of the products from maltodextrin showed a pattern similar to that of the highly branched -glucan (details provided below). These results suggest that the production of highly branched -glucan requires both the -glucosidase and -amylase. This -amylase was adsorbed on DEAE-Toyopearl and eluted with a linear gradient of NaCl. We called the -glucosidase AGL and the -amylase AMY, and purified both enzymes.
TLC analysis confirmed that AMY acted on maltodextrin and formed a series of maltooligosaccharides, including hydrolysis and transglycosylation products, but did not act on maltose (details provided below). Hence, AGL activity was assayed by measurement of the glucose produced from maltose, and AMY activity was measured by reduction in the iodo-starch reaction using amylose EX-1.
Purification of AGL and AMY
On the basis of this preliminary work, CM Toyopearl 650S and DEAE Toyopearl 650S were used at the initial steps of purifying AGL and AMY respectively. The purification steps for AGL and AMY are summarized in Table 1 . Native PAGE analysis of AGL and AMY showed only a single protein band. The final preparations of AGL and AMY were found to exhibit specific activities of 327 and 52.6 units/mg of protein respectively.
Physical and enzymatic properties of AGL The molecular mass of AGL was estimated to be 90 kDa by SDS-PAGE, and the isoelectric point as 6.2 by gel isoelectric focusing. AGL was most active in a pH range of 5.5-6.5 under standard assay conditions, and was stable in a pH range 5.0-9.0 when stored at 4 C for 24 h. The optimum temperature for the enzyme was 50 C, and it was stable up to 40 C when heated at various temperatures for 60 min. It was strongly inhibited by Hg 2þ and Cu 2þ . Other metal ions and ethylenediaminetetraacetic acid (EDTA) had almost no effect.
Substrate specificity of AGL The substrate specificity of AGL is summarized in Table 2 . AGL preferentially reacted on the -1,4-glucosidic linkage of maltose in various disaccharides. It possessed much lower activity for the ,-1,1-linkage in neotrehalose, the -1,2-linkage in kojibiose, the -1,3-linkage in nigerose, and the -1,6-linkage in isomaltose. This broad substrate specificity is commonly found among -glucosidases such as pea chloroplastglucosidase 37) and Aspergillus -glucosidase.
38)
Action of AGL on maltooligosaccharide Maltose, the simplest substrate, was used in the analysis of the AGL reaction. Table 3 shows the course of sugar composition over time in the reaction mixture of AGL (10 units/g) and 1% (w/v) maltose. When maltose was incubated with AGL, maltotriose and panose increased at the beginning of the reaction (at 1 and 2 h). Within 4 h of the start of the reaction, the synthesis of maltotriose and panose reached maximum yields of 14.4 and 29.3% respectively. These results indicate that AGL accumulated higher amounts of an -1,6-transglucosylation product than an -1,4-transglucosylation product from maltose. Afterward, these saccharides of DP (degree of polymerization) 3 were degraded, and saccharides with a greater DP were synthesized. The maximum compositions of DP 4 and DP 5 reached 15.9% (at 8 h) and 10.2% (at 24 h) respectively. Finally, transglucosylation products were detected up to DP 7. The methylation products from the reaction mixture at 24 h and substrate maltose are shown in Table 4 The changes in the reaction products when maltopentaose was incubated with AGL are shown in Table 5 . The reaction products (at 24 h) were distributed into DP 1 (glucose) to DP 9 or greater. Methylation analysis showed that the content of the 1,6-linkage increased remarkably (30.8%, at 24 h), as shown in Table 6 . If an isomaltosyl moiety, which has an -1,6-glucosidic linkage, is generated in the nonreducing end by AGL, isomaltose is liberated by isomalto-dextranase digestion. The contents of isomaltose increased over the course of the AGL reaction (Table 6 ). Therefore, one or more -1,6-linked glucosyl moieties at the nonreducing ends of the reaction products were formed by AGL. Methylation analysis indicated that the contents of 1,3,6-, 1,4,6-, and 1,3-linked and nonreducing-end glucosyl residues increased slowly in accordance with the decrease in contents of the 1,4-glucosyl residue. These results strongly suggest that the AGL reaction proceeds through the formation of -1,6-and -1,3-glucosidic linkages in the nonreducing end of the reaction product. The transglucosylation reaction was initiated by the addition of 0.02 mL of AGL solution (100 units/mL) to 20 mL of maltose solut ion (20 g/20 mL) in 50 mM sodium acetate buffer (pH 6.0) at 50 C. The final concentrations of maltose and AGL were 1.0% and 10 units/g of maltose respectively. Samples (2 mL) were taken at various times, and the reaction was stopped by holding the mixtures in boiling water for 10 min. Samples were analyzed by HPLC and GLC. G1, glucose; G2, maltose; IG2, isomaltose; Neotre, neotrehalose; G3, maltotriose; Pan, panose The reaction was initiated by the addition of 0.02 mL of AGL to 20 mL of maltopentaose in 20 mM acetate buffer (pH 6.0) and was incubated at 50 C for 24 h. The final concentrations of the substrate and AGL were 1.0% and 10 units/g of maltopentaose respectively. Samples (1 mL) were taken at 0 and 24 h, and the reaction was stopped by holding the mixtures in boiling water for 10 min. Samples were analyzed by HPLC and GLC.
Hydrolysis activity of AGL To evaluate hydrolysis activity, the reducing power of the reaction products from maltose was examined, as shown in Fig. 2 . The reducing powers in the reaction mixtures are represented by the percentages of reducing sugar per total sugar. Almost no increase in reducing power was found in the reaction products from a high concentration 30% (w/v) of maltose. A slight increase in the reducing power in the products from a low concentration (1%) was found, though the survival composition of maltose fell below 10% at 24 h. These results suggest that AGL reacts primarily by transglucosylation and has weak hydrolysis activity.
Properties of a product from maltodextrin by AGL Reaction mixtures containing 30% (w/v) maltodextrin (DE 3) were incubated with 10 units/g of the purified AGL or crude enzyme that contained 10 units/g of AGL activity and 0.9 units/g of AMY activity at 40 C for 72 h. To elucidate the structures of the reaction products, we investigated the changes in the molecular weights of the reaction products. GPC analysis of the substrate maltodextrin (DE 3) and the reaction products of AGL and the crude enzyme are shown in Fig. 3 , and the data are summarized in Table 7 . In Table 7 , the product of AGL is seen to decrease both the M w and the M n of the reaction product by about 40% as compared with those of maltodextrin. The GPC elution pattern of maltodextrin (DE 3) roughly consisted of two distinct peaks ( Fig. 3(a) ). The product of the crude enzyme consisted of 1 narrow peak (e). However, the pattern of the product of AGL (b) did not resemble the pattern of the product of the crude enzyme, but was similar to that produced from the substrate maltodextrin. M w /M n indicates the molecular weight distribution. The product of AGL showed larger M w /M n than the product of the crude enzyme (18 vs. 2.1).
To determine the amount of -1,6-glucosidic linkage generated in the nonreducing end, isomalto-dextranase digestion analysis was performed for the products of AGL and the crude enzyme ( Table 7 ). The reaction product of AGL contained fewer isomaltosyl moieties than the product of the crude enzyme. Furthermore, the content of low-digestibility -glucan in the reaction product of AGL was 50.0%, less than that of the crude enzyme (78.5%). This result confirms the necessity of AMY for the production of highly branched -glucan.
Physical and enzymatic properties of AMY SDS-PAGE analysis showed a single band of purified AMY. The molecular mass of the AMY was estimated to be 58.4 kDa by SDS-PAGE. pI analysis by gel isoelectric focusing yielded two bands that corresponded to pIs 5.26 and 5.51. Two enzymes possessing different pIs were recovered from the isoelectric focusing gel, and were confirmed to have the same enzymatic properties except for pI. This suggests the possibility of some modification of the two purified AMY proteins. AMY was most active at pH 6.0, and was stable in the pH range of 6.0-8.0 when kept at 4 C for 24 h. The optimum temperature for AMY was 55 C. When heated to various temperatures for 60 min, it was found to be stable up to 40
C. The addition of 1 mM Ca 2þ resulted in an increase in the thermal stability of AMY up to 50 C. AMY activity was strongly inhibited by Hg 2þ , Pb 2þ , and EDTA. It was also inhibited by Cu 2þ , Zn 2þ , and Fe 3þ .
Substrate specificity of AMY The substrate specificity of AMY is summarized in Table 8 . AMY acted on -1,4-glucosidic linkages in various maltooligosaccharides from maltotriose to amylose EX-1, and -, -, and -CDs except for maltose. However, it did not act on dextran, which is composed of continuous -1,6-linked glucosyl residues. On the other hand, it primarily produced panose from pullulan, which is composed of -1,4-linked glucosyl residue chains containing an -1,6-linked glucosyl residue in every third place.
Action of AMY on maltooligosaccharides
To understand the action of AMY on the -1,4-glucosidic linkage, the reaction products from maltopentaose were analyzed by HPLC (Table 9) . Various oligosaccharides, DP 1 (glucose) to greater than DP 10, were generated after a 1-h reaction. Oligosaccharides not less than maltopentaose (from G6 to >G10), increased for a time and then decreased during the later part of the reaction. The contents of -and -CD were 1.1% and 5.7% at 48 h, respectively. AMY catalyzed the ÃÃÃ Ã Number of glucose residues ¼ (calculations from the molecular mass corresponding with GPC elution peaks)/162 ÃÃ The content of liberated isomaltose was measured by isomalto-dextranase digestion of the reaction product. ÃÃÃ Measurement of low-digestibility -glucan content was used as an assay for water-soluble resistant dextrin determination. ÃÃÃÃ Five units/g of maltodextrin of CGTase from Bacillus circulans prepared in our laboratory were added and reacted. The amount of CGTase was similar to the M n of the reaction product. Ã Apparent specific activity is represented by the relative percentage of a reduced amount of substrate after the reaction against the reduced amount of maltotetraose after the reaction.
hydrolysis reaction and also catalyzed the transfer reaction of an oligosaccharide to another oligosaccharide by an intermolecular transfer reaction (a disproportionation reaction) and catalyzed an intramolecular transfer reaction (a cyclization reaction, especially the formation of -and -CD). Hence AMY can be considered a type of CGTase. Methylation analysis showed that the reaction mixture at 24 h contained 2,3,4,6-tetra-O-methyl-1,5-O-acetyl glucitol and 2,3,6-tri-O-methyl-1,4,5-O-acetyl glucitol at a percentage ratio of 22.2:77.8 (100 in total). This suggests that the product consisted only of nonreducing-end glucosyl and 1,4--linked glucosyl residues. We think that AMY catalyzes only the transfer of -1,4-glucosyl chains to an acceptor containing only -1,4-linkages.
In sum, AMY catalyzes the hydrolysis of the -1,4-glucosidic linkage, the production of panose from pullulan, the hydrolysis of -and -CD, and intermolecular and intramolecular transfer reactions. These reactions of AMY are similar to the reactions of Anaerobranca gottschalkii CGTase, which has the catalytic characters of -amylase, neopullulanase, CDase, and CGTase. 39) When AMY reacted on maltodextrin (DE 3), the GPC elution pattern (Fig. 3(c) ) was different from that of the crude enzyme (Fig. 3(e) ). Hence, we investigated whether the reaction of AGL and AMY produces highly branched -glucan from maltodextrin.
Analysis of highly branched -glucan produced by AGL and AMY
A reaction mixture containing 30% (w/v) maltodextrin (DE 3), 10 units/g of AGL, and 0.9 units/g of AMY was incubated at 40 C, pH 6.0, for 72 h. The GPC elution pattern of the products of AGL and AMY (AGL-AMY) was similar to that of the product of the crude enzyme (Fig. 3(d) and (e), Table 7 ). After isomalto-dextranase treatment, the isomaltose content was similar between the products of AGL-AMY and of the crude enzyme ( Table 7) . The content of lowdigestibility -glucan in the reaction product of AGL-AMY was similar to that of the crude enzyme (76.9% and 78.5% respectively). The products of AGL-AMY and the crude enzyme generated more isomaltosyl moieties than the product of AGL alone (32.5 and 32.0 vs. 28.4%).
Production of highly branched -glucan by AGL and CGTase substituted for AMY
If AMY catalyzes only the transfer of maltooligosaccharide by the -1,4-glucosidic linkage, another enzyme with potent transfer activity (e.g., a CGTase) can be used to replace AMY in producing highly branchedglucans. We investigated to determine whether Bacillus circulans CGTase can substitute for AMY and react with maltodextrin. The products of CGTase and AGLCGTase had properties different from those of AMY and AGL-AMY respectively (Fig. 3(c) vs. (f) and (d) vs. (g), Table 7 ). M w , M n , M w /M n , and the number of glucosyl residues of the products of CGTase and AGL-CGTase at the main peak obtained by GPC were larger than those of AMY and AGL-AMY. However, the amount of low-digestible -glucan and the amount of isomaltose produced by isomalto-dextranase treatment of the products of CGTase and AGL-CGTase were smaller than those produced by AMY and AGL-AMY. These results suggest that AMY catalyzes the various other transfer reactions.
Analysis of the reaction products from dextran and maltopentaose by AMY
We suspected that AMY catalyzes the transfer of maltooligosaccharides to the -1,6-linked glucosyl residues that are transferred by AGL. Hence we examined AMY reactions on maltopentaose and dextran or isomaltotriose, which contain -1,6-linked glucosyl residues. We used dextran, which was not acted upon by AMY (Table 8) . A reaction mixture containing 1% (w/v) dextran T10 (Pharmacia, M w ¼ 10;000 Da), 1% (w/v) maltopentaose, AMY (1.0 units/g-maltopentaose), and 1 mM CaCl 2 was incubated at 40 C, pH 6.0, for 24 h. Methylation analysis of the reaction mixture was performed (Table 10 ). In the reaction product at 0 h, the reaction mixture of dextran and maltopentaose contained 2.1% 2,4-di-O-methyl-1,3,5,6-O-acetyl glucitol (corresponding to 1,3,6-branch linked Glc) from dextran T10. After the reaction, the composition of 1,3,6-linked glucosyl residues increased by 1.5%, and was 3.6% at 24 h. On the other hands no 1,3,6-linked glucosyl residues were detected in the reaction mixture of maltopentaose alone. Surprisingly, this result suggests that AMY catalyzed the -1,3-transfer reaction of maltooligosaccharides to -1,6-linked glucosyl residues in dextran. The reaction was initiated by the addition of 50 mL of AMY solution (0.2 units) to 20 mL of maltopentaose (200 mg/20 mL) in 20 mM sodium acetate buffer (pH 6.0) at 40 C. The final concentrations of the substrate and enzyme were 1.0% and 1 unit/g of substrate respectively. Samples (2 mL) were taken at 0, 1, 2, 4, 8, 24, and 48 h. The reaction was stopped by holding the mixtures in boiling water for 10 min. Samples were analyzed by HPLC.
To investigate further the transglycosylation to -1,6-linked glucosyl residues by AMY, a mixture of 15% (w/v) isomaltotriose, 15% (w/v) maltopentaose, AMY (1.0 units/g-isomaltotriose), and 50 mM sodium acetate (pH 6.0) containing 1 mM CaCl 2 was incubated at 40 C for 72 h. After the reaction, the composition of 1,3,6-glucosidic linkages increased by 4.7% (Table 11 ). This indicates that AMY catalyzed the transfer reaction of -1,4-glucosyl chains from maltopentaose to the C3-hydroxyl groups in the -1,6-linked glucosyl residues of isomaltotriose. The other component that increased was 1.5% 2,4,6-tri-O-methyl-1,3,5-O-acetyl glucitol (1,3-linked Glc). This indicates that AMY also catalyzed the transfer reaction of -1,4-glucosyl chains to C3-hydroxyl groups in the reducing-end glucosyl residues of isomaltose. Furthermore, the generation of 3.0% 2,3-di-O-methyl-1,4,5,6-O-acetyl glucitol (1,4,6-branch linked Glc) suggests that AMY also catalyzes the transfer of -1,4-glucosyl chains to the C4-hydroxyl groups in the -1,6-linked Glc of isomaltotriose. This indicates that AMY also catalyzed the transfer of -1,4-glucosyl chains not only to the C3-but also to the C4-hydroxyl groups in -1,6-linked Glc. Nevertheless, it was unclear whether AMY catalyzed the transfer to C4-hydroxyl groups in reducing-end glucose, because an increase in a methylation product of 1,4-linked Glc could not be distinguished from one of other 1,4-linked Glcs present in the maltooligosaccharides.
We summarize the transglycosylation reactions of AMY as follows: (i) When the substrate is composed of -1,4-linked glucosyl residues, AMY catalyzes -1,4-transfer reactions by intermolecular (disproportionation reaction) and by intramolecular (cyclization reaction) mechanisms. (ii) AMY catalyzes -1,3-or -1,4-transfer reactions to -1,6-linked glucosyl residues in acceptors. The other reactions of AMY were hydrolysis of -1,4-glucosidic linkages, hydrolysis of cyclodextrins, and hydrolysis of pullulan (primarily panose-forming).
Putative mechanism of production of highly branched -glucan by AGL and AMY
The putative mechanism of production of highly branched -glucan is illustrated in Fig. 4 . AGL catalyzes the transfer reaction of a glucosyl residue from the nonreducing-end of maltodextrin to another molecule of maltodextrin by -1,6-, -1,4-, and -1,3-glucosidic linkages (Step I). AMY acts on -1,4-glucosidic linkages in maltodextrin and catalyzes transfer reactions to C3-hydroxyl groups in -1,6-linked glucosyl residues in the reaction product (intermediate product) of AGL. AMY gradually increases -1,3-or -1,4-glucosidic linkages in the -1,6-linked glucosyl residues in the middle of the glucosyl chains or in the nonreducing end of highly branched -glucan (Step II). Furthermore, AGL catalyzes the transfer of glucosyl residues mainly in the form of -1,6-glucosidic linkages to nonreducing ends in the residual products of AMY. Both AGL and AMY are thought to act on the reaction products until the -1,4-linked glucosyl residues are completely utilized, and to produce highly branched -glucan. AGL and AMY appear to be suitable for industrial manufacturing of low-digestibility -glucans because the process of manufacturing contains no chemical reactions. 
Acceptor molecules
Step I
Step II 
AGL
Step II AGL transfers a glucosyl residue by -1,4-or -1,6-linkage at a nonreducing end of a glucosyl residue in an acceptor substrate (step I). AMY transfers a maltooligosaccharide by -1,3-glucosidic linkage to a 1,6-linked glucosyl residue and a nonreducing-end glucosyl residue in an intermediate product (step II). l, m, n, natural numbers.
